Abstract: Benzimidazolium trichlorocuprate(II) undergoes a redox reaction in the solid state at elevated temperature (¹ 240 ± C) to produce the cyclic trimer of benzimidazole and cuprous chloride. The trimer has been characterized by IR, NMR, and Mass spectroscopy. It has also been synthesized in lower yield by heating the mixtures of CuCl 2 and benzimidazole in di¬erent ratios or heating other compounds of CuCl 2 and benzimidazole. The absorption, emission, and excitation spectra of the trimer in two di¬erent solvents (TFA and DMSO) and a comparison of these results with those of benzimidazole are presented here.
Introduction
The overall reactivities of benzimidazole (Bz) can be inferred from the sets of resonance structures in which the dipolar contributors have¯nite importance [1] . A number of photochemical processes are known in which benzimidazole undergoes dimerisation accompanied by the loss of hydrogen, sometimes by the concurrent oxidation [2, 3, 4] . As for example, it photodehydrodimerizes in 1% ethanol to give a mixture of isomers (I and II), which are symmetrical and the reaction probably proceeds through the intermediacy of a 2-bibenzimidazolyl radical. On the other hand, 2{aryloxy benzimidazoles, 2{phenylthiobenzimidazole, thiadiazoles, or 2{chloro benzimidazole, and related derivatives produce a cyclic trimer of the benzimidazolyl residue (III) upon thermolysis [5, 6, 7, 8, 9] . Benzimidazole itself does not undergo any such thermal polymerization rather it oxidizes to an unusual compound (IV) by an oxidizing agent such as PbO 2 [1] .
Recently we reported the thermochromism of benzimidazolium tetrachlorocuprate (HBz) 2 [CuCl 4 ] [10] . During the thermal analysis of such salts, we noticed a solid state redox reaction at the elevated temperature (> 200 o C). In the present paper we report these thermal reactions along with the isolation and puri¯cation of the product, which is characterized to be the trimer of benzimidazole (III). To our knowledge, the very synthetic route i.e. oxidative polymerization of benzimidazole using copper(II) chloride as oxidizing agent in the solid state by pyrolytic technique is unprecedented. The luminescence properties of the trimer have not been reported to date although those of benzimidazole and its derivatives are well studied by several groups [11, 12, 13] . Therefore, we also report here the absorption, emission, and excitation spectra of the trimer in two di®erent solvents (TFA and DMSO) and compare these results with those of benzimidazole.
Experimental
High purity (98%) benzimidazole and copper(II) chloride dihydrate were purchased from Lancaster, England and used as received. Elemental analyses (carbon, hydrogen and nitrogen) were performed using a Perkin-Elmer 240C elemental analyzer and the copper contents in all the complexes were estimated spectrophotometrically [14] . IR spectra in KBr (4500-500cm ¡1 ) were recorded using a Perkin-Elmer RXI FT-IR spectrophotometer. Electronic spectra were recorded with a Hitachi U-3501 spectrophotometer and the emission spectra were measured in a Perkin Elmer luminescence spectrometer (Model: LS 50B) using a stoppered cell at 293K. The e®ective magnetic moments were calculated from magnetic susceptibility measurements with an EG & G PAR vibrating sample magnetometer model 155 at room temperature and diamagnetic corrections were made using Pascal's constants [15] . Preparation of trimer of benzimidazole, C 21 H 12 N 6 , T.
Compound 1 was heated slowly (at the rate of 5ºC/min.) up to 240ºC and was left at this temperature for ca 10 mins. The product was thoroughly washed with warm 1:1 HCl. The white solid residue was dissolved in hot DMSO. On cooling, the white needle shaped micro crystalline trimer, T, were separated immediately (yield 40%) and the compound was recrystallized from hot DMSO. This recrystallized product was subjected to all the physicochemical studies. Anal. Found (calc.): C, 72.2 (72.4); H, 3.6 (3.4); N, 24.0 (24.1). The trimer has also been prepared by heating 2-phenoxybenzimidazole at 240ºC for 5 hours as reported earlier [5] for comparison with our product.
Results and discussion

Characterization of the trimer produced by oxidative polymerization
The FTIR spectrum showed a strong absorption at 1630 cm ¡1 indicating the presence of { C = N { group and the U. V. spectrum resembled that of benzimidazole itself with the additional peaks at 356 nm commensurate with a polymeric structure for the product. The white product (melting point > 360ºC) has a molecular weight 348 (mass spectroscopy) in conformity with the molecular formula C 21 H 12 N 6 , which is also supplemented by the elemental analysis. The composition of the oxidized product is thus in consonance with a cyclic trimer formed by the concurrent removal of two hydrogen atoms from each benzimidazole and coupling with other identical units along with the reduction of copper(II) chloride to copper(I) chloride. A plausible structure for the product of the reaction is derived from the 1 H and 13 C NMR spectra taken in CF 3 COOD. The doublets at ± 8.48 (J = 7.2Hz) and ± 7.93 (J = 7.8Hz) and multiplet at ± 7.6 with the integration ratio 1:1:2 respectively in 1 H NMR spectrum (500 MHz) are attributed to the protons of 1,2-disubstituted benzene ring as in the parent benzimidazole. The resonance for H2 and { NH present in the 1 H NMR spectrum of benzimidazole itself are not observed in the spectrum of the product in question. Cl 2 ] were synthesized and their thermal analysis results show all of them undergo similar redox reactions. However, in all these cases the TG curves show that the redox reaction completes at higher temperature (T f > 280ºC) resulting a charred product. The yield is also very low (10 to 15%) in all these cases. The compound T is also formed when benzimidazole is mixed with CuCl 2 ¢2H 2 O in di®erent molar ratios (1:1; 1:2; 1:4 etc.) and the mixtures were subjected to thermal analysis. In these cases also the yield is not satisfactory (10 to 20%). However, it is interesting to note that besides cupric chloride, no other Cu II salts e.g. [17] . For pure CuCl 2 the reaction occurs at higher temperatures (>400ºC); the temperature is lowered in the presence of benzimidazole which acts as reducing agent. From the stoichiometry of the redox reaction, it is clear that intramolecular copper(II) is insu±cient to achieve yield higher than 50% (Scheme 1, a) and a theoretically 100% yield can be obtained by adding CuCl 2 as shown in Scheme 1, b. Therefore, the thermal analysis of a mixture of (HBz) 2 [Cu 2 Cl 6 ] and CuCl 2 ¢2H 2 O in exactly 1:2 molar ratio is performed. The resulting TG { DTG curves (Fig. 1) reveal that¯rst it loses the water molecules (weight loss: 8.30% obs.; 7.83% calc.) of CuCl 2 ¢2H 2 O in the temperature range 100ºC to 140ºC and then HCl molecules from the chlorocuprate moiety in multiple steps in the temperature range of 195ºC to 240ºC to be converted into the 1:2 mixture of benzimidazole and anhydrous copper(II) chloride. On further heating, the redox reaction (i) takes place in a single step in the temperature range 250ºC to 265ºC. 6CuCl 2 + 3Bz ! 3Cu 2 Cl 2 + T + 6HCl (i) The observed weight loss (10.92%) is about 3% greater than calculated (7.94%) for the loss of HCl as shown in (i). This can be attributed to the concomitant decomposition of some unreacted benzimidazole (pure benzimidazole starts decomposition at ca 150ºC). The yield of the trimer here is about 50%. The thermal analysis result of the above mixture indicates that in compound 1 also the oxidative trimerisation reaction eventually takes place between copper(II) chloride and benzimidazole. However, the higher yield is obtained when compound 1 is subjected to thermal analysis and is probably due to the intimacy of mixing between CuCl 2 and benzimdazole. A uniform mixture on the molecular level may be obtained from compound 1 by the elimination of HCl upon heating. Such uniformity cannot be achieved by mixing the two solids by any physical means. Therefore, some benzimidazole is decomposed resulting in a lower yield of the trimer in those cases. This is further corroborated by the fact that unlike in (HBz) 2 Cu 2 Cl 6 , all the Cu II have not been reduced to Cu I in the 1:1 mixture of CuCl 2 and benzimidazole, as is evident from the magnetic susceptibility measurement of the product (¹ = 0.6 BM) isolated at 260ºC.
Luminescence Study
The absorption and emission spectra of the trimer in TFA and DMSO at 293K are shown in¯gures 2 and 3 respectively and the values of the absorption and emission maxima for the trimer and benzimidazole in the same solvents are presented in Table 1 . From the absorption spectra of the trimer (Fig. 2) it is evident that the absorption maximum of the trimer is red shifted from 277 nm to 285 nm with another band observed at 300 nm when the solvent is changed from less polar TFA (D = 8.55) to more polar DMSO (D = 46.68) at 293K (Table 1) . Again, from the emission spectra (Fig. 3) it follows that the°uorescence maximum of the trimer on changing the solvent from TFA to DMSO under the same conditions is blue shifted by a large extent. The°uorescence maximum at 380 nm in TFA, is not only blue shifted but also a resolved structure is observed in the emission of the trimer having emission maxima at 329nm and 344nm in DMSO at 293K. From previous study [18, 19] it is well known that i) the excited singlet states of benzimidazole are not well separated, ii) the nature of the emitting state depends on the environment and also on the nature of the substituents, and iii) the emission corresponds to the ¼¼ ¤ transition. In case of benzimidazole, three kinds of transitions (n ¼ ¤ , ¼ ¼ ¤ , and charge transfer) are possible. In the case of the trimer, the absorption band at high energy (277nm) in TFA can be assigned as ¼ ¼ ¤ due to i) the FT IR spectrum of the trimer clearly shows the presence of { C = N chromophores at 1630 cm ¡1 indicating thereby the presence of ¼ center, ii) the large value of molar extinction coe±cient (" º 10 4 ), iii) red shift of the band upon increasing the polarity of the solvent from 277nm in TFA to 285nm in DMSO. In all the cases the excitation spectra of the trimer monitoring at the°uorescence maxima of the trimer were recorded and these excitation spectra match well with the absorption spectra of the trimer, which clearly suggests that the emission takes place from the corresponding emitting state of the trimer in pure state. One of such excitation spectra of the trimer in TFA is shown in Fig. 4 . From the comparison of the absorption and emission maxima of the trimer and benzimidazole (Table 1) we can say that the trimerization of benzimidazole is well re°ected in the large shift of the maxima both in the absorption and the emission spectra.
Conclusion
The present paper reveals that benzimidazole undergoes oxidative trimerization by CuCl 2 upon heating in the solid state. The yield is maximized when (HBz) 2 Cu 2 Cl 6 is the starting material. The trimerization of benzimidazole can also be rationalized from the absorption and emission spectra of the trimer. Table 1 Absorption and emission data of the trimer and benzimidazole in two di¬erent media (DMSO and TFA) at 293K. 
